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Abstract Using Van Allen Probes’ observations and established plasmapause location (Lpp) models, we
investigate the relationship between the location of the initial enhancement (IE) of energetic electrons
and the innermost (among all magnetic local time sectors) Lpp over five intense storm periods. Our study
reveals that the IE events for ~30-keV to ~2-MeV electrons always occurred outside of the innermost Lpp. On
average, the inner extent of the IE events (LIE) for <800-keV electrons was closer to the innermost Lpp
when compared to the LIE for >800-keV electrons that was found consistently at ~1.5 RE outside of the
innermost Lpp. The IE of tens of kiloelectron volts electrons was observed before the IE of hundreds of
kiloelectron volt electrons, and the IE of >800-keV electrons was observed on average 12.6 ± 2.3 hr after the
occurrence of the earliest IE event. In addition, we report an overall electron (~30 keV to ~2 MeV) flux increase
outside the plasmasphere during the selected storm periods, in contrast to the little change of energy
spectrum evolution inside the plasmasphere; this demonstrates the important role of the plasmasphere in
shaping energetic electron dynamics. Our investigation of the LIE-Lpp relationship also provides insights into
the underlying physical processes responsible for the dynamics of ~30-keV to ~2-MeV electrons.

1. Introduction

In the inner magnetosphere, energetic electrons (tens of kiloelectron volts to>1-MeV) are nominally trapped
in two regions: the inner and the outer electron radiation belts. The inner electron radiation belt is centered
near 1.5 Earth radii (RE), as measured from the center of the Earth in the equatorial plane, whereas the outer
electron belt is most intense around 4–5 RE (e.g., Baker et al., 2013; X. Li et al., 2001). Between the inner and
the outer electron radiation belts lies the slot region that has the lowest electron fluxes during geomagnetic
quiet periods (e.g., Lyons & Thorne, 1973). However, in reality, the electron belts are constantly waning and
waxing, merging with each other. The observed state of the radiation belts is a complex balance between
acceleration, transport, and loss mechanisms (Reeves et al., 2003). In the present study, we focus on electron
flux enhancement events and the underlying mechanisms of the observed electron dynamics in association
with the plasmapause location.

Like radiation belt electron populations, the plasmasphere—a dense, cold (~1-eV) plasma region that coro-
tates with the Earth—also exhibits a dynamic response to changes in the magnetospheric environment
(Goldstein, 2006, and references therein). Its dynamics is largely controlled by the balance between corota-
tion and convection electric fields. During times of strong convection, the plasmasphere is eroded and its
outer boundary, plasmapause (Lpp), can occasionally move to L ≤ 2 (e.g., Baker et al., 2004; Foster,
Erickson, Baker, et al., 2016). As the enhanced convection recedes, the plasmapause can extend outward
beyond L = 6 (e.g., Moldwin et al., 2002; O’Brien & Moldwin, 2003). The drastic density difference inside
and outside of the plasmasphere affects various wave growth and their interactions with radiation belt elec-
trons. Wave-particle interactions (Thorne, 2010, and references therein) can lead to violations of the adiabatic
invariants, which may result in energy diffusion, radial diffusion, or pitch angle scattering. For instance, due to
the low plasma density and thus higher phase velocity outside of the plasmasphere, chorus whistler waves,
which residemostly outside of the plasmapause, have been proven to be capable of accelerating hundreds of
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kiloelectron volt electrons to >1-MeV electrons (e.g., Horne, Thorne, Glauert et al., 2005; Horne, Thorne,
Shprits et al., 2005; Summers et al., 1998; Thorne et al., 2013). Meanwhile, electromagnetic ion cyclotron
plasma waves, prominently existing near the plasmapause, serve as an efficient loss mechanism that
precipitates relativistic electrons to the atmosphere (e.g., Miyoshi et al., 2008; Summers & Thorne, 2003;
Xiang et al., 2017). Plasmaspheric hiss, which is highly associated with higher electron density regions and
mainly found within the plasmasphere, is efficient in scattering electrons over a broad range of energies from
tens to hundreds of kiloelectron volts that leads to the precipitation loss (Thorne, 2010, and therein; W. Li, Ma,
et al., 2015). Although the generation mechanisms and the characteristics of these waves can be greatly
different, they all share a close connection with the plasmapause location (e.g., Malaspina et al., 2016;
Tetrick et al., 2017).

In the past decades, there have been several studies on the relationship between the electron enhancement
and the plasmapause location. For instance, Baker et al. (2004) compared the electron flux measurements
from the Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) with Lpp locations derived from
Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) observations and found that the Lpp loca-
tions tracked the inner edge of the outer radiation belt for relativistic electrons very well during the 2013
Halloween storm. Subsequent studies (e.g., Goldstein, Kanekal, et al., 2005; X. Li et al., 2006) examined the cor-
relation between the electron enhancement and the plasmapause location over a prolonged period and
demonstrated the same correlation. Particularly, X. Li et al. (2006), through studying 12-year>1-MeV electron
flux measurements from SAMPEX and Combined Radiation and Release Experiment Satellite, determined
that the initial penetration of >1-MeV electrons was found consistently outside of the innermost Lpp (inner-
most of the average Lpp values derived from the O’Brien & Moldwin, 2003, empirical plasmapause model). In
contrast to >1-MeV electrons, the correlation between electron enhancements and the innermost plasma-
pause location for tens and hundreds of kiloelectron volt electrons are not as well studied. With the launch
of Van Allen Probes, high energy and temporal resolution measurements of electrons from electron volts
to megaelectron volts have become available; this offers an unprecedented opportunity to explore the rela-
tionship between initial electron enhancements and the innermost plasmapause location for tens and hun-
dreds of kiloelectron volt electrons, which is the main goal of this study.

In the present study, we establish energy dependence relationships between the initial electron enhance-
ment and the innermost Lpp for ~30-keV to ~2-MeV electrons. For the first time, we determine a remarkably
consistent relationship between electron enhancements and the innermost plasmapause location over a
wide range of electron energies (~30 keV to ~2 MeV): the LIE of energetic electrons in the above energy range
is always observed to be outside of the innermost Lpp, which are derived from the established Lpp models
(Goldstein et al., 2014; X. Liu, Liu, et al., 2015). We further quantify the relationship between the initial electron
enhancements and the innermost Lpp, both spatially and temporally, to shed light into the physical mechan-
isms behind the initial enhancements (IEs) of radiation belt electrons. A drastic difference of the energy spec-
trum evolution between inside and outside of the plasmasphere during storm periods is also reported in
this study.

The remainder of the paper is organized as follows: Section 2 illustrates themethodology of the study, includ-
ing descriptions of the plasmapause models and an overview of the observations. Section 3 discusses our
findings, detailing the quantification of the correlation between the electron enhancements and the plasma-
pause as well as the analysis of the energy spectrum evolution inside and outside of the plasmasphere.
Finally, a summary of key findings is provided in section 4.

2. Methodology
2.1. Plasmapause Models

In this study, the model-derived Lpp is preferred over the observational Lpp because the Lppmodel can offer
higher time resolution Lpp for all magnetic local time (MLT) sectors, unlike the observational Lpp that is con-
strained by the orbit/period of the active spacecraft. Often, these spacecraft only encounter the plasmapause
twice in each orbit. For instance, supposed measurements from Van Allen Probes, which are in the
geostationary-transfer orbit with a ~9-hr orbital period, were employed to determine the plasmapause loca-
tions, then the observational Lpp can only be identified at a specific MLT sector in each pass that is separated
by an interval of ~2 to 6 hr. However, the Lpp dynamics varies within a timescale of an hour or less under
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strong convection conditions. Thus, the observational Lpp is not sufficient to identify the innermost Lpp
among all MLT sectors, especially during active periods. Consequently, the model-derived Lpp location is a
more desirable choice in the present study.

Two Lpp models are used in this study: X. Liu, Liu, et al. (2015) model and the Plasmapause Test Particle simu-
lation (Goldstein et al., 2014). The Liu et al. model is a multivariate plasmapause empirical model based on
observations from the Time History of Events andMacroscale Interaction during Substorms (THEMIS) mission.
Using 5 years of THEMIS measurements (from 2009 to 2013), Liu et al. determined 5,878 plasmapause cross-
ings and used these crossings to establish the empirical model. In their study, a plasmapause crossing was
identified by a change in plasma density by a factor of 5 within ΔL ≤ 0.5, which is a criterion commonly used
in the related studies (e.g., Carpenter & Anderson, 1992; Moldwin et al., 2002; O’Brien & Moldwin, 2003). This
empirical model uses 5-min averaged Sym-H, AL, and AU indices and hourly averaged AE and Kp indices as
inputs and provides Lpp outputs for all MLT sectors on a timescale as short as 5 min. Overall, the Liu et al.
model demonstrated a good agreement with observations, particularly before and after the storm (e.g. See
Figures 7 and 9 in X. Liu, Liu, et al., 2015). During the storm period, the model-derived Lpp can reproduce
the IMAGE observational Lpp locations very well on the dawnside, which is often associated with the inner-
most Lpp location during active periods (e.g., X. Liu, Liu, et al., 2015; O’Brien & Moldwin, 2003), with differ-
ences less than 0.5 RE. The model performance during the refiling/recovery phase is not as good as the
predicted Lpp locations that are often 1.5 to 2 RE higher than the observations. An additional caveat in this
model is that it does not reproduce the plasmaspheric plume structure and the plasmaspheric boundary
layer structure. Nonetheless, this does not affect the result of our analysis since our focus is on the
innermost Lpp.

Another plasmapause model used in this study is the plasmapause test particle simulation (Goldstein et al.,
2014). The plasmapause in that model is represented as an ensemble of cold test particles under the influ-
ence of the E × B drift. This simulation is driven by the Volland-Stern convection electric field model (Stern,
1975; Volland, 1973) and an analytical electric field model (Goldstein, Burch, & Sandel, 2005) of the subauroral
polarization stream. Inputs to the model are the solar wind electric field, the solar wind-driven magneto-
spheric electric field, and the Kp index. Despite its simple setup, the Goldstein et al. (2014) model has success-
fully simulated 92% of the virtual plasmapause encounters by Van Allen Probes from 15 to 20 January 2013
(See Figure 5 in Goldstein et al., 2014). Generally, the plasmapause from the Goldstein et al. model performs
better during storm periods when convection is stronger than during the recovery and quiet periods. This
model-observation discrepancy is taken into account when analyzing the findings in this study.

In the present study, we emphasize the need to identify the innermost Lpp in order to uncover the correlation
between electron enhancements and the plasmapause. Accordingly, we first determined the innermost Lpp
among all MLT sectors for each time step (15-min resolution) as the innermost Lpp. To capture the actual
innermost Lpp locations that are not easily reproduced through the plasmapause models especially during
the recovery phase where the strong convection recedes, we identified the innermost Lpp within 6-, 12-,
and 24-hr periods (Figure 1). In general, 6- and 12-hr innermost Lpp capture the overall pattern of the inner-
most Lpp well, in contrast to the 24-hr innermost Lpp. At certain instances (e.g., 00:00 to 12:00 UT on 17March
2013 in Figure 1), 6-hr innermost Lpp does a better job in tracing the innermost Lpp variations. However,
unlike the 12-hr innermost Lpp, 6-hr innermost Lpp is also more likely to be subjected to the slight dynamic
variation of the Lpp locations as illustrated from 12:00 to 20:00 UT on 18 March 2013 (the cyan lines) in
Figure 1. To determine the optimal choice of the innermost Lpp, we have performed the analysis using
6-hr (Figures S1 and S2 in the supporting information) and 12-hr innermost Lpp and verified that they both
yield very similar results. Nonetheless, since the 12-hr innermost Lpp produces a more consistent (with
slightly lower uncertainties) outcome, the analysis results using 12-hr Lpp are reported in this study.

2.2. Overview of the Observation From January 2013 to July 2015

In the present study, we employ high temporal and energy resolution electron flux data from Magnetic
Electron Ion Spectrometer (MagEIS) aboard the Van Allen Probes A and B (Blake et al., 2013). There are four
MagEIS spectrometers on each spacecraft: one low-energy unit (20–240 keV), two medium-energy units
(80–1,200 keV), and one high-energy unit (800–4,800 keV). We focused onMagEIS spin-averaged electron flux
data from 30 keV to 2 MeV in this study.
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MagEIS electron flux data are commonly subjected to two major sources of background contamination
(Claudepierre et al., 2015): inner belt energetic protons and the bremsstrahlung X-ray radiation by
multi-MeV electrons. Generally, the trapped > 10-MeV proton in the inner belt that reside at L < 2.5
can contaminate/affect all energetic electron measurements (e.g., X. Li, Selesnick, et al., 2015). However,
lower energy electrons, particularly tens of kiloelectron volt electrons, at L < 2.5 are mostly unaffected
by the background correction algorithms (Claudepierre et al., 2015) because their high flux level at
L < 2.5 dominates over the contaminations caused by inner belt energetic protons. In fact, the back-
ground contamination of the energetic inner belt protons is more apparent for >500-keV electrons due
to the relatively low fluxes of >500-keV electrons in the inner zone (e.g., Reeves et al., 2016).
Meanwhile, the bremsstrahlung effect caused by > 1-MeV electrons is mostly responsible for the contam-
ination of ~30- to 500-keV electron flux measurements near the heart of the outer radiation belt (L ~ 4).
Even though the background-corrected MagEIS electron data are valuable for analysis, they are not
always available. As stated in Claudepierre et al. (2015), the background correction is not possible when
the low- and medium-energy units of the MagEIS instrument are in the high-rate mode or sample mode.
In addition, the background correction for three out of the nine low- and medium-energy channels is not
available as discussed in Claudepierre et al. (2015). Therefore, background-corrected electron flux
measurements are used in this study only to validate and support the observations made using the
non-background-corrected MagEIS electron flux data.

An overview of the Van Allen Probe-A MagEIS spin-averaged electron fluxes from January 2013 to July 2015 is
exhibited in Figure 2. In the first three panels, the color-coded electron fluxes are plotted as a function of time
and L, where L is the radial distance in Earth radii at which the dipole magnetic field line crosses the magnetic
equatorial plane. By superimposing the 10-day innermost Lpp on the electron fluxes plots, we observe that
electron enhancements for 1,016-keV electron energy channel (Figure 2c) occurred mostly outside of the 10-
day binned innermost Lpp locations in both Lpp models at all time. This relationship is also evident in the
183-keV electron energy channel, primarily during quiet periods (Figure 2b). However, the relationship
between electron enhancements and the innermost Lpp is not easy to identify during geomagnetically active
periods (e.g., the time periods indicated by magenta boxes in Figure 2b).

Figure 1. Comparison of 15-min, 6-hr, 12-hr, and 24-hr binned innermost Lpp derived from X. Liu, Liu, et al. (2015) model
(top panel) and Goldstein et al. (2014) model (bottom panel) during the 17–20 March 2015 storm period.
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To further investigate the correlation between the electron enhancement and the innermost Lpp during geo-
magnetically active periods, we draw our attention to five intense storm periods with minimum Dst index
below�110 nT (see the highlighted blue boxes in Figure 2d and Table 1) and study the enhancement events
that occurred during these periods in further detail. An overview of the statistical values of the Dst and AE
indices as well as the solar wind velocity over these five periods can be found in Table 1. Common character-
istics of the studied periods are that (1) they are mainly driven by coronal mass ejections (CMEs) and are asso-
ciated with strong interplanetary shocks (e.g. Baker et al., 2014, 2016; Ghamry et al., 2016) and (2) they have a
≥5-day quiet period (with Dst > �50 nT) prior to the onset of the magnetic storms.

3. Results
3.1. IE Definition and Observations During the Five Storm Periods

In the following, we address how initial electron enhancements vary with respect to the innermost Lpp dur-
ing geomagnetically storm periods. We first identify enhancement events using the following criteria: (1) an
order of magnitude or more increase of electron fluxes must be observed by the same spacecraft in two con-
secutive passes at the same L (±0.01) and (2) these enhancements must also be seen in a larger L range
(ΔL > 1) with an L bin size of ±0.1, in order to avoid the discrepancies that might be introduced by the mag-
netic latitude variation of the satellite observations due to the tilted offset of the Earth’s dipole. If two
enhancement events are identified in the same pass (but at different L shells), only the enhancement event
at the lower L shell is kept since our aim is to study the inner extent of the enhancement event. The first
enhancement event observed by both spacecraft for the same energy channel in each storm is identified
as the IE event, and the inner extent (lowest L shell) of the IE event is known as LIE. In other words, there is
only one IE event (and hence one LIE) for a given electron energy during a storm period.

Figure 2. (a–c) Spin-averaged electron fluxes for the 37-, 183-, and 1,016-keV energy channels obtained from Magnetic
Electron Ion Spectrometer aboard the Van Allen Probes-A, from January 2013 to July 2015. The gold (and dark gold) and
red solid lines are the 10-day binnedminimumplasmapause locations from the Goldstein et al. (2014) model and X. Liu, Liu,
et al. (2015) model, respectively. The magenta boxes in the second panel show examples of periods when the spatial
relationship between the plasmapause location and electron enhancements cannot be easily identified. (d) Dst index for
the above period where blue boxes and the corresponding numbering indicate five storm time periods that are studied
herein. RBSP = Radiation Belt Storm Probes.
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Figure 3 illustrates how the LIE (highlighted as the yellow triangles) are identified and how they are compared
with the innermost Lpp locations during the 17–20 March 2015 storm period. From Figure 3, several features
are noted: (1) LIE for ~30 keV to ~2-MeV electrons is often located outside of the innermost Lpp; (2) LIE for
tens/hundreds of kiloelectron volt electrons happensmore promptly after the onset of the geomagnetic storms,
as compared to >1-MeV electrons; (3) Lpp derived from the Goldstein et al. (2014) model (marked by a dashed
blue line in Figure 3) are often located at lower L shells than the Lpp derived from X. Liu, Liu, et al. (2015) model,
particularly during times of strong convection that can be inferred from the steep Dst gradient in Figure 3d. It is
also worth noting that the definition of L shell during strong convection periods is less certain, particularly for
tens of kiloelectron volt electrons. However, it does not qualitatively affect the general observations we made.

To further quantify the correlation between LIE and Lpp, we plot the identified LIE from the five studied storm
periods against the innermost Lpp in Figure 4. Based on our IE definition, we identified a total of 64 IE events
(and 64 corresponding LIE) for ~30-keV to ~2-MeV electrons over the five periods studied herein. Overall, all
LIE were located outside of 12-hr binned innermost Lpp locations with only one exception for the IE of 54-keV
electron during 21–24 June 2015 storm period. More specifically, the outlier is found at 0.02 and 0.09 RE inside
of the 12-hr innermost Lpp locations from the X. Liu, Liu, et al. (2015) model and the Goldstein et al. (2014)
model, respectively. The strong correlation between electron enhancements and the innermost Lpp in
Figure 4 is not a mere coincidence but an indication that plasmaspheric structures (and the underlying
mechanisms for their formation) are important in controlling the dynamics of energetic electrons. Since dif-
ferent electron populations are subject to different acceleration mechanisms, it is necessary to understand
the energy dependence of the relationship between the initial electron enhancement and the innermost
Lpp, in order to uncover the underlying physical mechanisms.

3.2. Energy Dependence of the Spatial and Temporal Relationship Between LIE and Innermost Lpp

We next investigate how the relationship between the LIE and the innermost Lpp varies with electron energy,
both spatially and temporally. First, we compute the spatial displacement between the LIE and the model-
derived 12-hr innermost Lpp as ΔLmin, and we average the computed ΔLmin for electrons with a specific
energy among all five storms. The results are plotted in Figure 5a (based on X. Liu, Liu, et al., 2015, model) and
Figure 5b (Goldstein et al., 2014, model), where positive ΔLmin refers to the distance outside of the plasma-
pause and negative ΔLmin indicates the distance inside of the plasmapause. We also investigate how the

Table 1
Statistical Values of the Geomagnetic Indices (Dst, AE) and Solar Wind Velocity (Vsw) for the Five Storm Periods
Under Investigation.

Parameters

Storm 1 Storm 2 Storm 3 Storm 4 Storm 5

Storm periods

17–22 March
2013

1–4 June
2013

18–21 February
2014

17–22 March
2015

21–24 June
2015

Minimum �132.0 �119.0 �116.0 �223.0 �204.0
Dst (nT) Mean �46.9 �35.0 �43.8 �73.9 �55.0

Median �39.0 �26.0 �45.0 �66.0 �56.0
Standard
deviation

28.0 26.3 25.3 49.3 60.4

AE (nT) Maximum 1822.0 1,217.0 1,236.0 1570.0 1636.0
Mean 251.0 347.7 361.2 467.0 383.2
Median 71.0 315.0 317.0 408.0 230.0
Standard
deviation

350.8 238.2 283.0 319.3 371.9

Vsw (km/s) Maximum 725.0 774.0 691.0 683.0 742.0
Mean 522.1 632.6 487.9 574.9 499.8
Median 499.5 639.0 504.5 576.0 555.5
Standard
deviation

79.2 92.1 79.1 50.0 148.8

Note. The storm numbers correspond to that indicated in Figure 2d.
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occurrence time of the corresponding LIE varies with electron energy (Figure 5c). Δtmin is defined as the tem-
poral difference between the time (t0) when the earliest LIE among all energy electrons occurs and the time (t)
when the LIE is identified for each energy population. After obtaining the distinctive Δtmin (t � t0) for each
storm period, we determined the average Δtmin for each energy population over five storm periods, as shown
in Figure 5c.

Figure 3. (a–c) Spin-averaged electron fluxes data fromMagnetic Electron Ion Spectrometer onboard the Van Allen Probes-
A and Van Allen Probes-B for 17–20 March 2015 with the superimposed 12-hr innermost plasmapause locations. An
enhancement event is characterized by two criteria: (1) an order of more flux increase is observed between two subsequent
passes of the same spacecraft (Δj ≥ 10), as indicated by the orange arrows; and (2) these enhancements must be seen over a
larger L range, ΔL ≥ 1 (highlighted by the red circled regions. The yellow triangles represent the inner edge of the initial
enhancement events (LIE). The solid black line refers to the 12-hr innermost Lpp from X. Liu, Liu, et al. (2015), and the
dashed blue line indicates the 12-hr innermost Lpp from the plasmapause test particle simulation (Goldstein et al., 2014).
(d) Corresponding Dst values for the 17–20 March 2015 storm period. RBSP = Radiation Belt Storm Probes.

Figure 4. Comparison of the inner extent of the electron enhancement events (LIE) and the 12-hr innermost Lpp using the
X. Liu, Liu, et al. (2015) model (a) and the Goldstein et al. (2014) model (b). The five colors here represent the five different
storm periods (also refer to Table 1).
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The 95% confidence interval in Figure 5 is illustrated as the shaded area for the non-background-corrected
MagEIS electron flux data. It is computed by multiplying the standard error (SE) of the mean with a constant,
1.96. The value of 1.96 is based on the fact that the Z-score (the number of standard deviations away from the

mean) for 95% of the area of a normal distribution is 1.96. SE is calculated using the equation SE = SDiffiffiffi
ni

p = Spooledffiffi
k

p .

The pooled standard deviation, Spooled =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ki¼1 ni�1ð ÞSDi

2

∑ki¼1ni�k

r
, derived from Cohen (1988), is to determine the

weighted average of the standard deviation for two or more electron energy/population, where SDi repre-
sents the standard deviation of a certain electron population, ni refers to the number of samples for each elec-
tron population, and k is the total number of electron populations. The superimposed dashed line and error
bars in Figure 5 represent average ΔLmin or Δtmin and the corresponding 95% confidence interval computed
using background-corrected electron fluxes. There is a data gap in the superimposed blue dashed line
(Figure 5) as the background fit for 1-MeV electron range cannot be determined due to instrument design
limitations (Claudepierre et al., 2015). Regardless of some slight discrepancies, the overall trends in
Figure 5 from background-corrected (blue dashed lines) and non-background-corrected (black solid lines)
electron fluxes data are matching; this indicates that the correlations found in Figure 5 are not due to any
background issues but some physical mechanisms.

When comparing Figures 5a and 5b, we noted that ΔLmin derived from the X. Liu, Liu, et al. (2015) model
(Figure 5a) is smaller (or closer to the plasmapause locations) than ΔLmin obtained from the Goldstein et al.
(2014) model (Figure 5b). This is consistent with our observation in Figure 3 that the Goldstein et al. (2014)
model always estimates Lpp to be at lower L shells during strong convection periods when compared to

Figure 5. (a) Average ΔLmin in the X. Liu, Liu, et al. (2015) model, (b) average ΔLmin in the Goldstein et al. (2014) model, and
(c) average Δtmin among the five storm periods against electron energies using uncorrected (solid line) and corrected
(dashed line) Magnetic Electron Ion Spectrometer (MagEIS) electron fluxes data, where Δtmin represents the temporal
difference between the time when the inner edge of LIE is identified (t) and the time when the earliest initial enhancement
(IE) event occurs among all energy electrons (t0). The shaded areas (for uncorrected MagEIS data) and error bars (for cor-
rected MagEIS data) in all three panels represent the 95% confidence interval of the computed average values.
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the Lpp derived from X. Liu, Liu, et al. (2015) model. Since most of the IE events occurred during the storm
main phase with strong convections, the LIE was often further away from the Lpp locations derived from
the Goldstein et al. (2014) model than the Lpp locations derived from the X. Liu, Liu, et al. (2015) model.
Nevertheless, both cases (Figures 5a and 5b) exhibit a very similar and interesting trend: the average ΔLmin

varies drastically for lower energy electrons (<200 keV) and is then transitioned to a relatively stable average
ΔLmin for >800-keV electrons. More specifically, the LIE for <800-keV electrons often lies closer to the 12-hr
innermost Lpp than that for >800-keV electrons. Among all electron populations, ~200- to 300-keV electron
have the lowest average ΔLmin, which is at 0.70 ± 0.18 and 0.99 ± 0.22 RE away from 12-hr innermost Lpp from
the X. Liu, Liu, et al. (2015) and the Goldstein et al. (2014) models, respectively, as derived from corrected and
uncorrected electron fluxes. We also observe that the average ΔLmin for <800 keV is associated with a more
drastic variation and with a wider 95% confidence interval, or in other words, with a higher uncertainty of the
computed average ΔLmin. This is partly due to the small sample size (the maximum sample size for each
energy channel in this study is five, which corresponds to the five storm periods). Besides, various mechan-
isms like convective transport, substorm injections, and chorus wave activities might act on <800-keV elec-
trons, and the complicated, combined effect of these mechanisms could contribute to the higher variations
of ΔLmin for <800 keV.

Since the plasmapause location is a result of the balance between the corotational E × B drift and the sun-
ward E × B drift that is closely associated with enhanced convection (Goldstein, 2006, and references therein),
our observations suggest that the same enhanced convection responsible for plasmasphere erosion could
account for the flux enhancements of lower energy electrons. Simulations from previous studies (Korth
et al., 1999; S. Liu et al., 2003; Thorne et al., 2007; Zhao et al., 2017) have suggested that <200-keV electrons
are more likely to be radially transported inward by enhanced convective electric fields in the slot region,
around 3 < L < 5. Using test particle simulations, Califf et al. (2016) showed that convective transport by
the large scale of electric fields in the order of 1 to 2 mV/m can explain the flux enhancement of hundreds
of kiloelectron volt electrons at L ~ 3 during the February 2014 storm that is also examined herein. During
the 1 June 2013 storm event, which is another event that is studied in this paper, Thaller et al. (2015) reported
the appearance of a large duskward electric field in the order of 1 to 2 mV/m. They determined that this
enhanced convection electric field can contribute to the ring current formation, by radially transporting
few kiloelectron volt ions inward from the plasma sheet to lower L shells and that it can also contribute to
the erosion of the plasmasphere. Although Thaller et al. (2015) did not provide direct evidence that relates
enhanced convection electric fields to electron flux enhancements in the slot region, we can infer from the
simulation conducted by Califf et al. (2016) that the observed 1- to 2-mV/m electric field enhancement is also
capable of transporting <200-keV electrons inward. Combined with the results from previous studies, the
observations presented herein indicate that the same convective electric field responsible for the erosion
of the plasmasphere also plays an important role in the dynamics of <200-keV electrons, potentially trans-
porting the critical electron seed population radially inward during strong convection periods.

Another interesting feature is the relatively stable average ΔLmin that is observed for relativistic (>800-keV)
electrons (Figures 5a and 5b). On average, LIE for >800-keV electrons, as derived from both corrected and
uncorrected flux data, are constantly found 1.56 ± 0.22 and 1.81 ± 0.22 RE from the innermost Lpp locations
derived using the X. Liu, Liu, et al. (2015) model and the Goldstein et al. (2014) model. Besides, the LIE for
>800-keV electrons were identified on average 12.6 ± 2.3 hr after the earliest LIE identified in the lower
energy electron channel. The late occurrence of relativistic electron flux enhancements and the constant
spatial difference between LIE-Lpp for relativistic electrons are coherent with the proposed mechanism of
local acceleration of the seed population (tens to a few hundred kiloelectron volt electrons) by chorus waves,
as discussed by previous studies such as Horne, Thorne, Glauert, et al. (2005), Reeves et al. (2013), and Jaynes
et al. (2015).

According to studies like Horne, Thorne, Glauert, et al. (2005), Summers et al. (2007), and Thorne et al. (2013),
chorus waves that reside outside the plasmapause are most efficient in locally accelerating hundreds of kilo-
electron volt electrons to relativistic (>1-MeV) energies with acceleration timescales ≤1 day. Several past stu-
dies (e.g., Foster et al., 2014; Foster, Erickson, Omura, et al., 2016; W. Li et al., 2014; S. Liu, Xiao et al., 2015; Xiao
et al., 2014) analyzed the relativistic electron dynamics over the five intense storm periods that we examined
in this paper using observations/simulations; they concurrently attributed chorus wave as an important
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contributor to the relativistic electron enhancements. For instance, W. Li et al. (2014) and Xiao et al. (2014)
conducted two independent studies on the March 2013 storm period, the same storm period studied in this
paper, using simulation driven by chorus waves only and chorus wave/radial diffusion, respectively. Both
papers highlighted the importance of chorus-driven acceleration in reproducing > 1-MeV electron flux
enhancements at L ~ 4 that occurred ~12–15 hr later after the onset of the storm. Likewise, Boyd et al.
(2018) examined 80 outer belt enhancement events from October 2012 to April 2017 using Van Allen
Probes and THEMIS data. Not only did they find that local acceleration is the dominant acceleration
mechanism for equatorially mirroring electrons with μ = 700 MeV/G, which translates to ~1-MeV electrons
at L = 5, but they also determined that the locations of the growing phase space density peak, which is a
signature of local acceleration, are all found outside of the plasmapause locations. Those results are sup-
portive of our observations for >800-keV electron enhancements as described in Figure 5. Since the local
acceleration is most effective outside of the plasmapause locations (e.g., Horne, Thorne, Shprits, et al.,
2005), our observations, along with the previous literature, clearly demonstrate and are in agreement with
that the local acceleration is the dominant acceleration mechanism that contributes to the IEs of >800-
keV electrons.

When studying the enhancement in the fluxes of energetic (>30-keV) electrons, it is also necessary to con-
sider the effect of ultralow-frequency (ULF) waves on these electrons. Various previous studies showed that
the increase in energetic electron flux is often observed in association with enhanced ULF wave activities
(Elkington, 2006, and references therein). It is noteworthy that the five storm periods studied in this paper
are all CME-driven storms and are associated with strong interplanetary shocks. Since the strong interplane-
tary shock is an important driver for the generation of ULF waves, the latter is expected to play a role in the
observed electron dynamics in this study. Previous studies have discussed how ULF wave-driven radial diffu-
sion can transport hundreds of kiloelectron volt electrons into lower L shells (e.g., Pokhotelov et al., 2016;
Shprits et al., 2008). It is conceivable that the enhancements of the energetic (hundreds of kiloelectron volts
to >1-MeV) electrons are due to inward radial transport associated with ULF waves.

3.3. Energy Spectrum Inside and Outside of the Plasmasphere

A statistical analysis was conducted to understand the overall energy spectrum evolution inside and outside
of the plasmasphere during the five storm periods. In Figure 6a, we plot the electron energy spectra at
L = 1.5 ± 0.01 at times tmin(Dst) and tbef, where tmin(Dst) represents the time when theDst value reaches its mini-
mum during the storm period and tbef refers to 24 hr before tmin(Dst). At both time instances, these spectra (at
L = 1.5) are located inside of Lpp. We observe little variations of ~30-keV to ~2-MeV electron fluxes before and
during the storm. In Figure 6b, the measured spectra at L = 3 ± 0.01 are located within the plasmasphere at
tbef, but outside of the plasmasphere at tmin(Dst) (this is true for all five storms that are studied in this study.
See Figures S1 to S5 in the supporting information for more information). An increase in the electron flux
is observed for all electron energies up to ~2 MeV, with larger flux enhancements occurring in the electron
range from ~300 to ~500 keV. However, it is still unclear, based on our observation alone, whether the
observed vast difference in the energy spectrum between inside (before the storm) and outside (during
the storm) of the plasmasphere in Figure 6b is a result of the strong flux enhancements during storms
and/or is an implication of how the plasmasphere can shape dramatically different energy spectra
inside/outside the plasmasphere.

A similar analysis using background-corrected data (not shown here) was also conducted. Even though the
observed energy spectrum using background-corrected measurements are relatively sparse (due to data
gap), we still observe a similar drastic flux increase when the energy spectrum fell outside of the plasma-
sphere during storm time, in contrast to the little change of the energy spectrum at the L shell inside of
the Lpp; this further validates our observations in Figure 6. Besides the statistical analysis, we also analyze
how the energy spectrum varies from L = 1.5 to L = 3.5 for the five storm periods and observe the same pat-
tern as noted in the statistical analysis (Figure 6). The details of the energy spectra evolution from L = 1.5 to
L = 3.5 for each storm period can be found in the supporting information (Figures S3 to S7). In short, the strik-
ing difference of the energy spectrum evolution between inside and outside of the plasmasphere during
storm periods serves as another piece of supporting evidence to illustrate the important role of the plasma-
sphere in shaping the dynamics of energetic electrons from ~30 keV to ~2 MeV.
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4. Conclusion

In the present study, we investigated the relationship between the IE of ~30-keV to ~2-MeV electrons and the
innermost plasmapause locations. Over the five CME-driven geomagnetic storm periods, we presented the
first comprehensive evidence that the IE of ~30-keV to ~2-MeV electrons is persistently outside the innermost
plasmapause locations. These findings are suggesting that enhanced convection is the dominant mechanism
in transporting <200-keV electrons into lower L shells, while local acceleration due to chorus waves predo-
minantly controls the relativistic (>800-keV) electron enhancements, which always occur ~12.6 hr later (than
the earliest IE events) at ~1.56 and ~1.81 RE away from the innermost Lpp locations derived from the X. Liu,
Liu, et al. (2015) model and the Goldstein et al. (2014) model, respectively. A drastic difference of the energy
spectrum evolution between inside and outside of the plasmasphere further attests the significant role of the
plasmasphere in affecting the dynamics of energetic electrons in a wide energy range, ~30 keV to ~2 MeV,
during intense storm periods. Lastly, it is also important to note that this study focuses only on active periods
with strong convections that are driven by CME events. Therefore, it would be interesting to investigate cor-
otating interaction region or high-speed stream-driven storm periods in the future study; this will provide a
more comprehensive understanding of the relationship between electron enhancements and the plasma-
pause location under various solar wind conditions.
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